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ABSTRACT
Electrical transport properties of the nano-graphene oxide were investigated by measuring current-voltage characteristics in the wide tem-
perature range of 15 K∼450 K. The n-GO is composed of nanometer-sized intact graphene-like sp2 domains embedded in the sp3 matrix
which acts as a charge transport barrier between the highly conductive sp2 domains. The oxygen in the n-GO has the concentration of 4.43
at% in the form of oxygen functional groups. Below the conduction band, four discontinuous localized states with the activation energies
of 1.92 meV, 3.27 meV, 5.54 meV, and 6.58 meV were observed. These activation energies decrease with decreasing oxygen concentration
and increasing external electric field in the n-GO material. Moreover, we found that the direct tunneling of charge carrier through the sp3
barrier was a dominant transport mechanism for the n-GO material. Also, unlike the activation energy of charge carrier, the transport bar-
rier was independent of both the concentration of the oxygen functional groups and external electric field. The transport barrier was mainly
determined by insulation property of the sp3 structure.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5116774., s
I. INTRODUCTION
Graphene oxide (GO) is attracting attention because its energy
band structure and electrical conductivity can be changed by con-
trolling concentration of oxygen functional groups.1–4 Therefore,
its electrical transport properties can be tuned through control-
ling chemical or thermal post-reduction processes.5–7 Depending
on the concentration of oxygen functional groups, the GO can be
a semimetal, semiconductor, and insulator.8–10 Recently, a nano-
graphene oxide (n-GO) has been studied because it can be made
as a homogeneous and large area electronic material. The reduced
n-GO is composed of nanometer-sized intact graphene-like sp2
domains embedded in a sp3 matrix which acts as a charge trans-
port barrier between the highly conductive sp2 domains.11,12 The sp3
matrix is highly disordered region where oxygen functional groups
are attached. Therefore, the sp3 matrix and the oxidized surface of
the sp2 domains play an important role in charge carrier transport
passing through the n-GO material. The elucidation of its electrical
transport properties has also become an important research subject.
The carrier transport in metal/GO/metal structure depends on
two processes: the carrier injection from the metal/GO interface and
the subsequent transport in the GO bulk. The injection barrier at
the interface is determined by the energy band structures of both
the metal and the GO material. Thus, it may either be zero for
the semimetal GO and closes to the value of the GO band gap for
the semiconducting GO, depending on the concentration of oxygen
functional groups. On the other hand, for the subsequent transport
in the GO bulk, the different transport mechanisms have also been
reported, such as phonon-assisted variable range hopping (VRH)
and fluctuation-induced quantum tunneling added VRH.1,8,13–15
In this study, we studied the carrier transport properties of
the n-GO material with low oxygen concentration of about 5 at%.
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We measured the current-voltage characteristics of the n-GO in the
wide temperature range from 15 K to 400 K. The results indicate that
a thermal activation process of charge carriers from four isolated lev-
els with activation energies below 10 meV was dominant for exciting
carriers to the conduction states. Also, the direct tunneling process
of charge carrier through the barrier between the sp2 domains has
been confirmed. We also found that the thermal activation energies
of the carrier depend on both the concentration of oxygen functional
groups and the external electric field.
II. EXPERIMENTAL
Nano graphene oxide powder with purity above 99 at%, diam-
eter and thickness of graphene flake: 90 nm ±15 nm and ∼1 nm, and
single layer graphene ratio above 0.99 was purchased from Graphene
Laboratories Inc. The powder was pressed into a pellet at room tem-
perature at 0.35 GPa for 50 min. The so formed pellet was 5.0 mm
in diameter, and 0.113 mm in thickness, and Au foil electrodes with
thickness of 0.006 mm.
Before and after the electrical measurements, the pellet samples
were characterized by spherical aberration-corrected transmission
electron microscopy (STEM; JEM-ARM200F), electron probe micro
analyzer (EPMA; JXA-8530F), X-ray photoemission spectroscopy
(XPS; AXIS-NOVA) and X-ray diffraction (XRD; Rigaku SmartLab
R&D 100). The TEM images and the spectra of EPMA and XRD will
be published elsewhere.16
The results of TEM observation indicate that the graphene
flaks in the pellet sample have a hexagonal lattice of single layer
with interatomic distance of 0.143 nm. Moreover, lattice defects and
deformation also are observed in the graphene flake. The concentra-
tions of carbon and oxygen were 94.45 at% and 4.43 at%, and small
amounts of Na, Mg, S, K, Ca, Ti, and Mn, may be from residual oxi-
dants for preparing GO powder. The existence of oxygen-containing
functional groups in the GO sample was also confirmed using XPS
measurement by analyzing binding states of carbon and oxygen.
Also, the following oxygen bonds of =O, −OH, and −O− have been
detected from the GO sample.
A strong diffraction peak was observed at 2θ = 10.65 before
the electrical measurement, and shifted to 2θ = 24.05 after the mea-
surement at a maximum temperature of 400 K. The above results
indicate that in addition to single layer graphene, there was a lay-
ered structure of graphene in the sample. The diffraction peaks were
from the (0002) planes of the layered graphene, and the interlayer
distance decreases from 0.830 nm before to 0.370 nm after the elec-
trical measurement. The interlayer distance was larger than that of
graphite crystal, 0.335 nm, due to the introduction of oxygen func-
tional groups. The decrease of the interlayer distance after the mea-
surement was due to desorption of the oxygen functional groups in
the layered graphene. The average thickness of the layered graphene
was calculated using the Debye-Scherrer equation, 4.69 nm before
and 2.03 nm after the electrical measurement, respectively.
During the electrical measurements, the current passing
through the pellet sample was measured using a digital electrometer
(ADVANTEST R8252) with a current resolution of 1.0 f A at vari-
ous d. c. bias voltages from 0.010 V to 0.300 V in a voltage accuracy
of 0.001 V. The sample was set in a vacuum chamber of a cryostat
system (Sumitomo Heavy Industries, Ltd., RDK-101D/CAN-11B).
The base pressure in the vacuum chamber was less than 4.0 × 10−5
Pa at sample holder temperature of 400 K. The current measure-
ments were carried out using the rate of temperature change of
0.14 Kmin-1 with a stepwise increment of 1.0 K in heating up pro-
cess. In this study, we used an experimental parameter window for
currents from 1f A to 12 mA, for the d. c. bias voltages from 0.01 V to
0.3 V, and temperatures from 15 K to 400 K. In order to observe the
effect of concentration of the oxygen functional groups, the n-GO
sample was also annealed at 400 K, 420 K, 440 K, 460 K and 480 K,
in the vacuum chamber for 30 min, respectively.
III. RESULTS AND DISCUSSION
A. Thermal activation processes of charge carrier
The currents passing through the n-GO sample at various d. c.
biases of 0.001V, 0.01 V and 0.1 V are shown in Fig. 1 as a function
of temperature for heating up process. At temperatures below 100 K,
the current increases rapidly, but the rate of the current increase
decreases at temperatures above 100 K. Also, at temperatures below
100 K, the current can be fitted using the Arrhenius plot in four
temperature ranges.
Arrhenius plots of the current in temperature ranges of
15∼20 K, 21∼30 K, 31∼80 K and 81∼100 K are shown in Figs. 2(a)–
2(b). The R-squared values for fitting the current vs. 1/kT curves as
an exponential function are above 0.995 for these Arrhenius plots.
We obtained four activation energies of 1.92 meV in the range of
15∼20 K, 3.27 meV in the range of 21∼30 K, 5.54 meV in the range
of 31∼80 K and 6.58 meV in the range of 81∼100 K for the d. c. bias
of 0.01 V, respectively. These values correspond to a discontinuous
valence band structure of the n-GO material.
For a thermally activated charge transport, its resistance R
can be expressed as R = R0exp(En/kT)μ, where En is the activation
energy, μ is the exponent which discriminates between different
mechanisms and it is equal to μ = 1/(D + 1), with D being the
FIG. 1. The currents passing through the n-GO sample at various d. c. biases of
0.001V, 0.01 V and 0.1 V as a function of temperature for heating up process.
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FIG. 2. Arrhenius plots of the current in
temperature ranges of (a) from 15 K to
20 K, (b) from 21 K to 30 K, (c) from 31
K to 80 K, and (d) from 81 K to 100 K.
Here, the R-squared values of the cur-
rent vs. 1/kT curves are above 0.995 for
four Arrhenius plots.
dimensionality of the material system.17,18 In particular, the μ value
is equal to 1/4 for 3D, 1/3 for 2D, 1/2 for 1D and 1 for 0 D transport
mechanism. The resistance of the n-GO sample is shown in Fig. 3 as
a function of T−x, where x is equal to 1 in Fig. 3(a), 2 in Fig. 3(b),
3 in Fig. 3(c) and 4 in Fig. 3(d), respectively. It is clear in Fig. 3
that the carrier transport in the n-GO material is thermally activated
processes in the zero dimensional material because linear R ∼ 1/kT
relationships are observed in Fig. 3(a) only. In Fig. 3(a), there are
four thermal activation energies in various temperature ranges.
B. Direct tunneling transport of charge carrier
The carriers in the n-GO, which were thermally activated to
the conduction states, will transport under an external electric field
through a barrier resulted by the presence of sp3 matrix region.
Therefore, the tunneling of charge carrier through the sp3 junction
between the sp2 domains may be a dominant transport mechanism.
As a simplest way to model the current-voltage characteristics of the
n-GO material, the Simmons approximation19–21 can be used.
i∝ qA
4π2h̵d2
{(ϕ − qv
2
)exp(−2d√2m
h̵
√
ϕ − qv
2
)
−(ϕ + qv
2
)exp(−2d√2m
h̵
√
ϕ + qv
2
)} (1)
where v is the d. c. bias voltage on the sp3 junction, A is the junction
area, m is the carrier effective mass, d is the width of the transport
barrier over the sp3 junction, ϕ is the height of the transport barriers,
and q is the charge of the carrier. When the applied d. c. biasV on the
sample is less than the barrier height, for example, in the zero-bias
limit, Eq. (1) reduces to
i∝ Vexp⎛⎝−2d
√
2meϕ
h̵
⎞⎠ (2)
From Eq. (2), the current-voltage characteristics can also be
described as follows:
ln( i
V2
)∝ ln( 1
V
) − 2d√2meϕ
h̵
(3)
From Eq. (3), a plot of ln(i/V2) against ln(1/V) will exhibit a
logarithmic growth in the low-bias regime.
The plot of ln(i/V2) vs. ln(1/V) is shown in Fig. 4 at temper-
atures of 15 K, 30 K, 50 K, 75 K, 100 K, and 400 K, respectively.
The results indicate that direct tunneling transport is dominant
mechanism in the n-GO material because of a log function rela-
tion between ln(i/V2) and ln(1/V). We have already obtained the
following approximate curve, ln(i/V2) = 1.02 × ln(1/V) − 2.77 for
R2 = 0.9997 for fitting the ln(i/V2) vs. ln(1/V) curve at 400 K, as
shown in Fig. 4.
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FIG. 3. The resistance of the n-GO sam-
ple as a function of T−x , where x is equal
to 1 in (a), 2 in (b), 3 in (c) and 4 in (d),
respectively.
On the other hand, when the applied d. c. bias voltage exceeds
the height of the transport barrier, the barrier changes from trape-
zoidal to triangular which corresponds to Fowler-Nordheim tun-
neling,22,23 and the current-voltage curve can be described using
Eq. (1),
ln( i
V2
)∝ −4d√2mϕ3
3h̵q
( 1
V
) (4)
FIG. 4. The plot of ln(i/V2) vs. ln(1/V) at temperatures of 15 K, 30 K, 50 K, 75 K,
100 K, and 400 K, respectively.
where ln(i/V2) is proportional to 1/V, and the proportional con-
stant is negative. In fact, the transition from direct tunneling to
Fowler-Nordheim tunneling has been reported for metal-molecule-
metal junction,24 carbon nanotube-organic semiconductor inter-
face,20 and chemically reduced graphene oxide film.21
As seen from Eq. (2) that in the case of direct tunneling trans-
port, the current is proportional to the bias voltage, and the Ohm’s
law holds. The current-voltage characteristics of the n-GO material
are shown in Fig. 5 at various temperatures from 20 K to 400 K.
Although the error is large as a linear function of the d. c. bias voltage
at low temperatures, it is clear that Ohm’s law holds at all measure-
ment temperatures. According to the results in Fig. 5, we obtained
that the conductivity of the n-GO material is 6.49 × 10−2(1/Ω).
C. Energy band structure
Based on the above results of the thermal activation and direct
tunneling transport, we can propose an energy band structure model
for explaining the carrier transport mechanism in the n-GO mate-
rial. Schematic diagram of the energy band model is shown in Fig. 6.
Herein, EF is the Fermi level, and Ei (i = 1, 2, 3, 4) is activation
energy for carrier excitation from the localized states to the conduc-
tion states with high mobility of μmax. In this study, the depths of
the localized states from the conduction state depend on the applied
electric field and have the values of E1 = 1.92 meV, E2 = 3.27 meV,
E3 = 5.54 meV and E4 = 6.58 meV in average for various d. c. bias
voltage. In addition, the transport barrier ϕ in average is higher than
the applied electric field in this electrical measurement condition
because ln(i/V2) is proportional to ln(1/V).
Compared to kT = 25.8 meV at room temperature, the levels
of these localized states are very shallow and so results in a high
conductivity of the n-GO material, 6.49 × 10−2(1/Ω).
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FIG. 5. The current-voltage characteristics of the n-GO sample at various temper-
atures from 20 K to 400 K.
D. Electric field-dependent activation energy of
charge carrier
As suggested in Figs. 4 and 5, the barrier height ϕ is indepen-
dent of the electric field strength because it is related to a spatially
large volume of the sp3 matrix in which there are a large amount of
oxygen functional groups. But, the dielectric constant of the n-GO
which depends on the molecular structure of the oxygen functional
groups, will be influenced by the external electric field. Accord-
ing to the Bohr model of the localized carrier, its activation energy
is inversely proportional to the square of the dielectric constant.
Therefore, the activation energy is sensitive to variation of dielectric
constant, namely, the external electric field.
FIG. 6. Schematic diagram of the energy band structure of the n-GO material.
Herein, EF is the Fermi level, and Ei (i = 1, 2, 3, 4) is activation energy for car-
rier excitation from the localized valence states to the conduction states with high
mobility of μmax.
FIG. 7. The activation energy for exciting the carriers to the conduction states as a
function of the electric field strength in four temperature ranges of 15∼20 K, 21∼30
K, 31∼80 K and 81∼100 K, respectively.
The activation energy for exciting the carriers to the conduc-
tion states is shown in Fig. 7 as a function of the electric field
strength in four temperature ranges, respectively. The activation
energies decrease with increasing field strength. Also, that under the
conditions of high temperature and low electric field strength, the
value of the activation energy is scattering. This can be believed to
be related to a thermal fluctuation of polarization in the isolated
oxygen-containing molecules at high temperature and low electric
field.
E. Oxygen concentration-dependent activation
energy of charge carrier
A simplest reduction technique for the GO material is the ther-
mal reduction which is usually performed in vacuum to desorb oxy-
gen molecules. Three weight loss peaks obtained by thermogravime-
try were observed at about 100○C, 200○C and 580○C during the GO
reduction process.25 The loss peaks at 100○C and 200○C are mainly
associated with the water and OH groups desorption causing the
resistivity decrease. Also, the loss peak at 580○C is mainly associated
with desorption of oxygen epoxy and alkoxy groups connected with
carbon located in the basal plane of GO. In this study, we annealed
the n-GO sample in vacuum chamber for 30 min at 420 K, 440 K,
460 K, and 480 K, respectively. Then, the annealed n-GO sample was
measured at the d. c. bias voltages of 0.005 V and 0.05 V, respectively.
The current passing through the samples annealed at 400 K,
420 K, 440 K, 460 K, and 480 K at the d. c. bias voltage of 0.05 V are
shown in Fig. 8 as a function of the measurement temperature. High
annealing temperatures result in large currents at the same measure-
ment temperature. The larger increase of the current at annealing
temperature of 420 K suggests a water desorption process during
the vacuum annealing. On the other hand, the current increases at
annealing temperatures above 420 K are associated with desorption
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FIG. 8. The current passing through the n-GO samples annealed at 400 K, 420 K,
440 K, 460 K, and 480 K as a function of the measurement temperature.
of oxygen functional groups such as OH. The change of the cur-
rent after the vacuum annealing also indicates that the physically
adsorbed water molecules have an effect of trapping charge carri-
ers and increasing scattering probability of the carrier. Namely, the
oxygen-containing molecules can decrease the conductivity of the n-
GO material through decreasing both charge carrier concentration
and mobility.
It can be inferred that the oxygen functional groups affect the
energy band structure of the n-GO material. The activation energies
of Ei (i = 1, 2, 3, 4) are shown in Fig. 9 as a function of the annealing
FIG. 9. The activation energies for the localized valence states of Ei (i=1, 2, 3, 4)
as a function of the annealing temperature.
temperature. These activation energies decrease proportionally with
increasing annealing temperature. The annealing at temperatures
below 480 K removes the oxygen functional groups from the n-GO
material but cannot change the carbon lattice structures of the sp2
and sp3 domains. In other words, the states of the π−electron in the
carbon lattices depend only on the presence of the oxygen functional
groups.
The temperature derivative of the current, di/dT, after the
annealing at temperatures of 400 K, 420 K, 440 K, 460 K, and 480 K
for the d. c. bias voltage of 0.05 V is shown in Fig. 10(a), respec-
tively. The di/dT values are positive in the measurement tempera-
ture range. Also, there is a peak at temperatures below 100 K on
the di/dT curves, which reflects a maximum rate of the conductiv-
ity temperature change. On low temperature side of the peak, the
increase in the conductivity is due to carrier excitation to the con-
duction states. On the other hand, the decrease on high temperature
side of the peak is related to the decrease of carrier mobility. The
peak value and the peak temperature are shown in Fig. 10(b) as
FIG. 10. (a) The temperature derivative of the current, di/dT, after the annealing
at temperatures of 400 K, 420 K, 440 K, 460 K, and 480 K, respectively, at the
d. c. bias voltage of 0.05 V. (b) The peak value and the peak temperature of the
di/dTcurves as a function of the annealing temperature.
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a function of the annealing temperature. The peak value increases
and the peak temperature decreases with increasing annealing
temperature.
IV. CONCLUSION
We have measured the current-voltage characteristics of the
nano-graphene oxide material in the wide temperature range of
15 K∼400 K. Also, in order to investigate the effects of oxygen func-
tional groups on the transport properties, the n-GO sample reduced
thermally at 400 K, 420 K, 440 K, 460 K, and 480 K, respectively, in
vacuum was also measured under the same condition. Based on the
results of the electric field and temperature-dependent currents, we
proposed a model for explaining energy band structure of the n-GO
material. Moreover, the effects of both oxygen concentration and
external electric field on the activation energy of the charge carrier
were also discussed.
First, the n-GO material was composed of nanometer-sized
graphene-like sp2 crystalline domains embedded in the sp3 matrix.
The interfaces between the sp2 and sp3 domains acts as the bar-
rier of the carrier transport. In the n-GO material, the oxygen
concentration was 4.43 at% in the form of the oxygen functional
groups.
Second, below the conduction band, four discontinuous local-
ized states with the depths of 1.92 meV, 3.27 meV, 5.54 meV, and
6.58 meV were observed. The depths decrease with decreasing oxy-
gen concentration in the n-GO material. For this reason, the oxygen
functional groups play an important role for trapping π−electrons
and scattering carriers during the transport.
Third, the direct tunneling of charge carrier through the inter-
facial barrier was dominant transport process because of an ideal log
function relationship between ln(i/V2) and ln(1/V). Under the direct
tunneling mechanism, the current passing through the n-GO mate-
rial was proportional to the d. c. bias voltage, namely, the Ohm’s law
was satisfied.
Fourth, the activation energy of charge carrier, the depth of the
localized valence states, depends on both the concentration of oxy-
gen functional groups and external electric field. But, the transport
barrier was not affected by these two physical quantities because the
height of the transport barrier was mainly determined by insulation
properties of the sp3 structure.
Finally, the interaction between the isolated oxygen functional
groups and the charge carrier, such as trapping, emitting and scat-
tering of the charge carriers, as well as orientation and polariza-
tion of the dipoles in the oxygen functional groups, were unstable
under conditions of high temperature and weak electric field. This is
already an important research topic in the future.
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